Objectives-Xanthophyll pigments lutein and zeaxanthin cross the blood-retina barrier to preferentially accumulate in the macular region of the neural retina. There they form macular pigment, protecting the retina from blue light damage and oxidative stress. Lutein and zeaxanthin also accumulate in brain tissue. The objective of the study was to evaluate the relationship between retinal and brain levels of these xanthophylls in non-human primates.
Introduction
Lutein [(3R,3 R,6 R)-, -carotene-3,3 diol or L] and zeaxanthin [(3R,3 R)-, -carotene-3,3 diol or Z] are xanthophylls (oxygenated carotenoids) that cross the blood-retina barrier to preferentially accumulate in the macula lutea, the central region in the posterior portion of the primate retina responsible for sharp central vision. 1 Meso-zeaxanthin [(3R, 3 S)-, -carotene-3,3 diol or meso-Z], also a xanthophyll, is generated in the macula from L in a 1:1 ratio. 2, 3 L, Z and meso-Z are collectively referred to as macular pigment (MP). With an absorption maximum closer to 460 nm, MP attenuates the macula's exposure to potentially damaging blue light. 4, 5 MP also has an antioxidant role in the photoreceptor outer segments and the retinal pigment epithelium. 6, 7 Because of these properties, increased MP concentrations (which in this paper will refer to chemically-measured MP in post mortem tissues) has been associated with a reduced risk of age-related macular degeneration (AMD). 8 High MP optical density (MPOD, which in this paper will refer to MP measured noninvasively in vivo) also has been associated with risk factors for AMD, 9, 10 as well as improvements in visual function under disability glare and photostress conditions and better visual acuity in AMD and cataract patients. 11, 12 Apart from their antioxidant and blue light filtering properties, there is evidence that L and Z as MP improve neural efficiency in the retina. L and Z have been shown to enhance gap junctional communication, which in the retina may be important for light processing and development of neural circuitry in the visual system. 13 High MPOD has also been related to increased visual processing speed and reduced scotopic noise. [14] [15] [16] [17] Furthermore, MPOD has been associated with neural functions in the brain. In an ancillary to the Health, Aging and Body Composition study, MPOD in older adults was significantly related to performance on a variety of cognitive indices designed to assess processing speed, accuracy, and completion ability. These relations remained significant after adjusting for age, sex and ethnicity. 18 One possible explanation for the association of MPOD with cognitive function is that MPOD reflects brain status of L and Z or linked factors that enhance brain function.
At present, L and Z concentrations in the brain can only be measured in post mortem tissue, whereas MPOD can be measured noninvasively in humans. [19] [20] [21] [22] [23] Given the significant association of brain L with cognitive function in older adults 24, 25 , it is critical to evaluate whether MPOD, measured noninvasively, could be used as a tool to assess brain L and Z status. The objective of the present study was to determine the relationship of L and Z in three retinal regions (4 mm diameter macular region, 4-8 mm annulus and periphery) with brain L and Z in four brain areas (cerebellum, frontal and occipital cortices and pons). The study was done in non-human primates, because these are the only animals possessing a macula.
Methods

Animals and Diets
From birth until completion of the study, 12 rhesus monkeys (Macaca mulatta) were fed one of two semipurified diets that contained adequate levels of all nutrients, including vitamin A and -tocopherol, but no detectable xanthophylls. The two diets varied only in their fat sources and thus in fatty acid composition, with one containing low levels and one adequate levels of n-3 fatty acids in the form of linolenic acid. 26 The animals also received limited amounts of very low xanthophyll foods such as wheat or rice cereals, white rice, sweetened drinks, gelatin, pineapple and banana. Beginning at 7 to 16 years of age, the diet of these monkeys was supplemented with either pure L (n=6) or pure Z (n=6) at 3.9 mol/kg per day for a duration of 24-101 weeks. These doses were approximately 15 times the levels of the two xanthophylls contained in a standard lab diet (see below). The two supplement groups were balanced to the extent possible with regard to sex, omega-3 status and body weight. L purified by HPLC and synthetic Z were both provided by DSM Nutritional Products, Ltd. (Kaiseraugst, Switzerland). The same monkeys were used in a series of studies that examined the effect of xanthophyll-free diets and L and Z supplementation on macular pigment optical density, retinal xanthophyll levels measured by HPLC and the morphology of the retinal pigment epithelium and photoreceptors, as well as retinal sensitivity to blue light damage. 3, 5, [26] [27] [28] The details of the duration and method of supplementation were described in Johnson et al. 3 In addition to these monkeys, five normal control monkeys were fed a standard stock diet (Purina 5047 Monkey Chow; Ralston Purina, Richmond, IN) providing a daily carotenoid intake of 0.26 mol/kg per day L, 0.24 mol/kg per day Z and 0.035 mol/kg per daycarotene. These animals also received an average of 3 nmol/kg (<1% of the intake from stock diet) of L plus Z from supplemental fruits and vegetables in their diet. The stock dietfed monkeys were housed in the same conditions as the L-and Z-fed monkeys.
The characteristics of the L-fed, Z-fed and stock diet-fed monkeys are described in Table 1 . All procedures were approved by the Institutional Animal Care and Use Committee of the Oregon National Primate Research Center and conformed to NIH guidelines and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Retina and Brain collection
The procedure for collecting retinal tissue has been described in detail by Johnson et al. 3 Animals were perfused with 4% paraformaldehyde plus 0.5% glutaraldehyde for morphologic studies of the retina. 27, 28 Our own pilot work showed that fixation had no effects on measurement of xanthophylls. 28 Following perfusion, the retinas were dissected into three retinal areas: a 4 mm diameter circular punch centered on the fovea, the surrounding 4-8 mm annulus, and a portion of peripheral retina. Brain tissue was dissected from the dorsolateral frontal cortex/frontal pole, the occipital cortex, the cerebellum and the pons. The two cortical samples consisted of pure gray matter, which represents the outer 1-2 mm of the cortical surface; the cerebellar tissue was also taken from the outer 2 mm and was primarily gray matter. In contrast, the pons was rich in white matter.
Retinal extraction for carotenoids
The retinal samples were weighed and ground with a glass rod while on ice. To this, 3 mL chloroform-methanol (2:1), 1 mL 0.85% saline and 150 L echinenone in ethanol (internal standard) were added. The mixture was vortexed for 30 seconds and centrifuged at 800g for 15 minutes at 4°C. The chloroform layer was removed and evaporated to dryness under nitrogen. The extraction was repeated using 3 mL hexane, and the mixture was vortexed and centrifuged as described earlier. The hexane layer was combined with the first extract and evaporated to dryness under nitrogen. The dried residue was reconstituted in 75 L ethanol, vortexed, and sonicated for 30 seconds. A 60 L aliquot was used for reverse phase HPLC analysis. 3 
Brain extraction for carotenoids
The brain extraction procedure described below was adapted from Park et al. 29 Approximately 200 mg of brain tissue from each region was homogenized with 0.3 mL saline and 0.5 mL ethanol in a 50 mL glass tube. To the homogenate 50 L of internal standard and 2 mL of ethanol were added and the mixture was vortexed for 2 mins. The sides of the tube were scraped down to ensure all the tissue was incorporated into the ethanol-saline mixture at the bottom of the tube. The mixture was then incubated in a 70°C water bath for 2 minutes. To the mixture 25% sodium ascorbate (0.5 mL) and 5% sodium hydroxide (1 mL) were added. Saponification was carried out by incubating the mixture in a 60°C water bath for 20 minutes. Following incubation, 0.5 mL distilled water was added and the mixture was cooled for 5 minutes. Five mL of hexane was then added and the mixture was vortexed vigorously for 2 minutes. The mixture was then centrifuged at 1000g for 10 minutes at 4°C. The upper hexane layer was removed and evaporated to dryness under nitrogen in a 40°C water bath. The extraction was repeated with 5 mL of hexane and the mixture was vortexed and centrifuged as described earlier. The second hexane layer was combined with the first extract and evaporation was continued until dryness. The sides of the tube were then washed down with 0.5 mL hexane and evaporation was continued. The dried residue was reconstituted with 100 L of a 1:1 mixture of ethanol and methyl tert butyl ether, vortexed, sonicated (30 seconds) and transferred to HPLC inserts. The inserts were centrifuged in a microfuge (Eppendorf 5415D, Eppendorf, NY) at 2000g for 3 mins to remove any precipitate. The clear supernatant was then transferred to clean inserts and 20 L was injected into a reverse phase HPLC system with a C30 carotenoid column (3 m, 150 × 4.6 mm, YMC, Wilmington, NC). The method described by Yeum et al. was used for carotenoid separation by reverse HPLC. 30 
Statistics
All data are expressed as mean ± SEM. The differences in L and Z concentrations among the 4 regions of the brain (cerebellum, frontal and occipital cortices and pons) and among the 3 regions of the retina (4 mm macula, 4-8 mm annulus and periphery) were analyzed using one-way repeated measures ANOVA followed by pairwise comparisons of the means with alpha value set at 0.05. Student's T-test was used to evaluate if brain and retinal L concentrations in L-fed monkeys were different from brain and retinal Z concentrations, respectively, in Z-fed monkeys. In the monkeys fed stock diet, differences between L and Z for each tissue were evaluated using one-way repeated measures ANOVA.
For determining the relationship between retinal L and Z and brain L and Z, the L data for the L-fed and stock diet-fed monkeys were combined and the Z data for the Z-fed and stock diet-fed monkeys were combined to obtain a sample size of 11 for each. Retinal meso-Z analyses were not performed for the stock diet fed monkeys. However, three different studies have shown that meso-Z is found in the 4 mm macular region and it forms a significant portion of the macular pigment. 2, 3, 31 The evidence above and our previous finding that meso-Z originates from L and is present in an approximate 1:1 ratio with L in the 4 mm macula was used as the basis for estimating meso-Z concentrations in the macula of monkeys fed stock diet. 3 The 4 mm macular Z concentrations for these monkeys were corrected by subtracting the estimated amount of meso-Z (calculated based on the 1:1 ratio with L) from the observed Z values, since meso-Z and Z retention times are the same on a reverse phase HPLC. The sum of L and meso-Z was used to determine the relationship between L in the 4 mm macular region and brain, as this provided a more accurate representation of L that was taken up by the macula.
Normality of the data was assessed using the following criteria before performing correlation tests: (i) histogram showing distribution of data with normal curve superimposed (ii) skewness and kurtosis values between +/− 2 and (iii) statistically non-significant tests of normality. For data that did not satisfy these criteria, correlations were performed after the data were log transformed. Bivariate analysis was used to determine Pearson correlation coefficients, while multivariate analysis was used to determine partial correlation coefficients using age, sex and n-3 fatty acid status as covariates. N-3 fatty acid status was used as a covariate since supplementation of humans with the long-chain n-3 fatty acid docosahexaenoic acid has been shown to increase MPOD in the central retina, 32 indicating that n-3 fatty acids may influence macular L and Z uptake. SPSS version 19.0 statistical package was used for all data analyses.
Results
Brain L and Z concentrations
Given the nature of the study design only L was detected in the brain tissues of L-fed monkeys and only Z was detected in Z-fed monkeys. In the stock diet fed monkeys small amounts of -carotene were detected in tissues of only two brain regions in two monkeys (data not shown). Figure 1A shows the mean concentrations in the cerebellum, frontal and occipital cortices and pons of L and Z in the L-fed and Z-fed monkeys, respectively. L concentration was highest in the occipital cortex and lowest in the pons; concentrations were different (P<0.05) among the four regions, except between the cerebellum and frontal cortex. Similarly, in the Z-fed monkeys, mean Z concentration was lower in the pons than in the other three regions (P<0.05), and lower in the cerebellum than occipital cortex (P=0.036). Despite ingestion of the same dose of L or Z, L concentrations were significantly greater (P<0.05) in the cerebellum and occipital cortex of L-fed monkeys compared to Z concentrations in the Z-fed monkeys. These differences were marginally significant in the frontal cortex (P=0.05). No such difference was observed in the pons between the two groups. Figure 1B shows the mean L and Z concentrations in the cerebellum, frontal and occipital cortices and pons of the monkeys fed stock diet. Because these animals were fed a normal, non-purified diet, both xanthophylls were present in their brain. Like the L-and Z-fed monkeys, monkeys fed stock diet had the lowest concentrations of L and Z in the pons and the highest in the occipital cortex. Specifically, mean L concentration in the occipital cortex was significantly higher than in the cerebellum (P=0.018) and pons (P=0.047), and mean Z concentration was higher in occipital cortex than in cerebellum (P=0.032). Concentrations of L and Z were not significantly different from each other in any of the four regions.
Compared with the stock diet monkeys, L concentrations in the L-fed monkeys were 10 -20 times higher (P<0.05) in the cerebellum, frontal and occipital cortices, while Z in the Z-fed monkeys was 2.5 -3 times higher in the cerebellum (P<0.05), frontal (P=0.05) and occipital (P=0.06) cortices. No significant differences were observed in the pons. Meso-Z analyses were not performed in the brain tissues of stock diet fed monkeys.
Retinal L and Z concentrations
The concentration of L and Z in the 4 mm macular region, 4-8 mm annulus and the periphery of the L-fed and Z-fed monkeys have been previously described in detail by Johnson et al. 3 Data are provided again in the context of the relationships with brain xanthophyll concentrations. Figure 2A shows mean retinal L and Z concentrations in the L-and Z-fed monkeys, respectively. L concentration was significantly greater in the macular region compared to the annulus (P=0.005) and also the periphery (P=0.004). Meso-Z, which is synthesized from L in the retina, was present only in the 4 mm macular region where its concentration was similar to L. Z concentration in the macula was significantly greater than in the annulus (P=0.041), but in the periphery the difference was only marginally significant (P=0.08). In the macular sample, L concentration in the L-fed monkeys was similar to Z concentration in the Z-fed monkeys; however, the combination of L and meso-Z was approximately twice as high in the L-fed group. In the annular region, L concentration in L-fed monkeys was significantly greater than Z concentration in the Z-fed monkeys. Figure 2B shows mean retinal L and Z concentrations in the monkeys fed stock diet. L concentration in the macular region was significantly greater than in the annulus (P=0.002) and periphery (P=0.006). Z (plus meso-Z) concentration was also significantly greater in the macula compared to the annulus (P=0.015) and periphery (P=0.02). Z (plus meso-Z) concentration was greater than L in the macula, while in the periphery L concentration was greater than Z. However, these differences were not statistically significant, probably due to the small sample size.
L concentrations in the macula, annulus and periphery were 2 -5 times higher (P<0.05) for the L-fed compared to the stock diet-fed monkeys. Z concentrations in the macula were not significantly different between the Z-fed and stock diet fed monkeys. The inability to analyze meso-Z in the stock diet fed monkeys resulted in higher Z (plus meso-Z) concentrations in their macula. A significant (3 fold) difference in Z was observed in the periphery (P=0.049).
Serum L and Z concentrations
Serum was unavailable for the stock diet fed monkeys hence serum L and Z could not be analyzed for these animals. However, serum L and Z was analyzed for the L-fed, Z-fed and a different group of stock diet fed monkeys and these results are described in a previous publication. 3 Because these monkeys were fed the same stock diet and were from the same research colony, these published serum values are representative of the stock diet fed monkeys in this study. Serum L and Z were significantly higher in the L-fed and Z-fed monkeys, respectively, compared to the stock diet fed monkeys. 3 
Relationship between retinal and brain L concentrations
Data for L concentrations in the cerebellum, frontal and occipital cortices, pons and annulus did not meet the normality criteria and were thus log transformed. In the macula, the sum of L and its derivative, meso-Z, was positively related to L in the cerebellum, occipital cortex and pons in a bivariate model. These relationships remained statistically significant after adjusting for age, sex and n-3 fatty acid status. In the frontal cortex the relationship was marginally significant in the age and sex and the age, sex and n-3 status adjusted models (Table 2) .
Similarly, L in the annulus was positively associated with L levels in the cerebellum, occipital cortex and pons in a bivariate analysis and also after adjusting for all covariates, except in the pons where the association was not significant after adjusting for age, sex and n-3 status. L in the periphery was significantly associated with L in the cerebellum and occipital cortex in a bivariate model. In the age and sex adjusted model this relationship remained statiscally significant only in the cerebellum, while in the occipital cortex the significance was marginal (Table 2) . L in the frontal cortex and pons were not related to lutein in the periphery.
Correlations of macular L alone, without including meso-Z, gave similar results (data not shown).
Relationship between retinal and brain Z concentrations
Data for Z concentrations in the occipital cortex and annulus did not meet the normality criteria and were thus log transformed. The association between Z in the macula (corrected for meso-Z) and brain was statistically significant for the cerebellum, frontal cortex and pons and marginally significant for the occipital cortex in a bivariate analysis (Table 2) . However, these relationships were not significant when adjusted for covariates.
No significant relationships were observed between Z in the annulus and brain except in the pons, where there was a marginally significant negative association in the bivariate model. There was a marginally significant association between Z in the periphery and occipital cortex in the bivariate model. No other significant correlations were observed for the periphery (Table 2) .
Discussion
The present study is the first to report that L and Z in the macular region of the retina are related to brain L and Z levels. This association is plausible given that the retina is part of the central nervous system. In addition to their close genetic homology to humans (92.5% to 95% for rhesus monkeys), higher primates are the only animals that have a retinal structure similar to humans including the presence of a macula. This makes them the most appropriate model for studying macular diseases and the characteristics of macular xanthophylls. 33, 34 In both the xanthophyll-supplemented monkeys and those fed stock diet, the highest concentration of L and/or Z was found in the occipital cortex, the primary visual processing area of the brain. Second highest in each case was the frontal cortex, which is responsible for several aspects of higher cognitive function, followed by the cerebellum, which is crucial for motor control and some types of learning. 35, 36 The pons, a region not associated with visual processing or cognitive function, 37 had the lowest levels of both L and Z. The presence and observed distribution of L and Z in these four regions could possibly be an indication of a functional role of L and Z in the brain. Transneuronal transport from the retina may also have contributed to the higher L and Z concentration in the occipital cortex. 38, 39 In addition, the cortical samples consisted entirely of gray matter, and the cerebellum sample was predominantly gray matter, whereas the pons was rich in white matter. Therefore the differences among tissues could also reflect differences in the content of xanthophylls in these two types of tissue. However, a previous study of human brain tissue did not find substantial differences in xanthophyll content between white and gray matter. 24 Even though the xanthophyll-free monkeys ingested the same dose of either L or Z, the Lfed monkeys had almost 10-20 times more L in the cerebellum, frontal cortex and occipital cortex compared to Z in the Z-fed monkeys. Thus, there appeared to be differential uptake of L and Z in the brain tissue at the supraphysiologic doses used in this study. This was not the case at the physiological doses of L and Z present in the stock diet. Brain L concentrations tended to be higher than Z in the monkeys fed stock diet but the differences were not statistically significant. Possible explanations for the observed limitation in Z uptake in the brain of Z-fed monkeys may be (i) decreased expression of Z binding proteins compared to L in the brain, (ii) differences in uptake mechanisms, (iii) greater functional usage of Z and/ or (iv) a consequence of life-long deficiency of xanthophylls in these monkeys.
The accumulation of L and Z was highest in the macular region for both the supplemented and the stock diet monkeys. This is consistent with reported literature that the concentration of xanthophylls decreases with increasing eccentricity from the central foveal region. 7 It is noteworthy that even though the supplemented monkeys received approximately 15 times more L and Z compared to the monkeys fed stock diet, the retinal L and Z levels in the supplemented monkeys were only about 2-5 times greater than monkeys fed stock diet. This contrasts with levels in brain tissue, which were 10-20 times higher in the supplemented animals. Thus, in the monkeys fed stock diet retinal concentrations of L and Z exceeded brain concentrations by an order of magnitude. Saturation of carotenoid binding proteins in the retina could be a possible explanation for the limitation in retinal uptake of L and Z at supraphysiological doses.
The results indicate that L levels in the macula and annulus of the retina reflect L status in the cerebellum, frontal and occipital cortices and the pons. These relationships were less strong for Z. The level of significance was marginal, probably due to the small sample size, although the correlation coefficients indicate that the strength of the association was large. Unlike L, the relationships between macular Z and brain Z were attenuated after adjusting for covariates. This was probably due to the observed significant association of age with Z concentrations in the cerebellum, frontal and occipital cortices and macula. The Z-fed monkeys were slightly older (mean: 13.9, SD: 4.0, range: 9.0-18.4) compared to the L-fed monkeys (mean: 12.4, SD: 2.4, range 10.0-15.0). However, the small sample size limits further exploration of the differences in uptake of L and Z into the neural tissue with age. Another possibility for the weaker correlation with Z could be the lower concentrations of Z in the brain compared to L. One limiting factor of this study was that meso-Z analyses were not performed in the retina of the stock diet fed monkeys due to the unavailability of the HPLC instrumentation required for measuring meso-Z at the time. However, published results on the ratio of L to meso-Z in the macula provided a rational approach for estimating meso-Z levels. 2, 3, 31 Another limitation of this study was the evaluation of two different study populations (monkeys fed stock diet and xanthophyll-free monkeys supplemented with L or Z). However, the wide range of L and Z intakes and the subsequently resulting wide range in tissue concentrations may have strengthened our ability to measure correlations between retina and brain xanthophyll concentrations.
MPOD can be measured using psychophysical techniques such as heterochromatic flicker photometry, which require active perceptual judgments by the subject, or other techniques such as fundus reflectometry, fundus autofluorescence and resonance Raman spectroscopy. An integrated measure of total MPOD has been shown to highly correlate with macular L and Z measured by HPLC. 40 Given our findings of a positive association between macular and brain L and the trend for such an association with Z, an integrated measure of total MPOD has the potential to be used as a tool to assess brain L and Z status. Assessing brain L and Z status noninvasively has become relevant with the emerging data on the relationship of these xanthophylls to cognitive function. Brain L concentrations were positively associated with pre-mortem measures of global cognitive function and executive function in centenarians. 25 Brain L concentration was also significantly lower in centenarians with mild cognitive impairment compared to those with normal cognitive function. 25 In an exploratory, randomized, double-blinded placebo controlled trial, older women taking L supplementation (12 mg/d) for 4 months significantly improved their scores on a verbal fluency test, showing the ability of L to improve cognitive function measures possibly through increasing brain L concentrations. 41 There is also epidemiological evidence for the beneficial effects of L on cognition. 42, 43 In conclusion, our results demonstrate that biochemically measured concentrations of L and possibly Z in the macula are a biomarker of brain L and Z status in primates. Therefore, an integrated measure of total MPOD may be a useful tool in evaluating the role of xanthophylls in cognitive function. Mean (± SEM) concentrations of lutein and zeaxanthin in the cerebellum, frontal cortex, occipital cortex and pons. Columns labeled with different letters (a, b or c) represent means that are significantly different at P<0.05, while those labeled with the same letters represent means that are not significantly different from one another (evaluated independently for lutein and zeaxanthin). A. Xanthophyll-free monkeys fed pure lutein or pure zeaxanthin. Lutein was detected in the brain tissue of the lutein-fed monkeys only, and zeaxanthin was detected in the brain tissue of the zeaxanthin-fed monkeys only. B. Monkeys fed stock diet. Note that the y-axis scale is different from Figure 1A ; lutein and zeaxanthin concentrations are 10-20 times lower for stock diet fed monkeys. A. Xanthophyll-free monkeys fed pure lutein or pure zeaxanthin. *Meso-zeaxanthin was detected only in the 4 mm macular region of lutein-fed monkeys. Lutein was detected in the retinal tissue of the lutein-fed monkeys only. Zeaxanthin was detected in the retinal tissue of the zeaxanthin-fed monkeys only. These data have been previously reported (3). B. Monkeys fed stock diet. Table 2 Pearson correlation coefficients between retinal lutein and zeaxanthin and brain lutein and zeaxanthin in the rhesus monkeys (n=11). Data that were not normally distributed were log transformed (indicated in parenthesis) before correlation coefficients were determined. 
